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Introduction
Background of the Study
Over the last four decades, vertical take-off and landing (VTOL) aircraft have been
deployed mainly for military operations in areas where longer flight than a helicopter and
landing in a vertical flight configuration are required. On the other hand, little contribution has
been made to the civil aviation sector mainly because of the limited payload capacity, inefficient
fuel consumption, and high level of cabin noise.
However, the vertical flight ability without the need for a runway and the speed, flight
range and flight performance equivalent to a turboprop of the VTOL technology have been
perceived as an attractive remedy to relieve increasing airport and airspace congestion in the
metropolitan areas (Chung et al., 2011). Recent technical advancement of hybrid-electric
propulsion, which combines batteries with turbine engines with higher efficiency and lower
emissions, can help enable regional airline service to remote communities using the potential
VTOL transports (Warwick, 2014).
In addition, VTOL technology is also expected to have a large impact on the future intraand intercity transport systems by providing "on demand" mobility within 50-500 miles (Moore
& Goodrich, 2013) and improve connectivity between airports and population centers in the
metropolitan areas, which would strengthen competitiveness of the air transport mode over other
ground transport systems such as high-speed rail and highway.
As a recent movement, the Italian AW609 business tiltrotor VTOL program inspired by
the military V-22 Osprey aircraft is underway as the first civil VTOL aircraft in the world and
certification of the aircraft is projected to occur in 2020 (Perry, 2016). Its recent flight test
results in 2015 revealed significant improvement of payload and flight range: a maximum take-
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off weight up to 18,000 pounds and a standard maximum range up to 1,100 nautical miles with
cruise speed at 275 knots at 25,000 feet (Clarke, 2015).
Furthermore, recent studies conducted by NASA, Boeing, and Airbus on hybrid-electric
powered VTOL propulsion technology have demonstrated the feasibility of a category of 90-120
seated civil VTOL aircraft, which is expected to bring a significant impact on the current
commercial aviation system (Chung et al., 2011; Ozdemir et al., 2014; Warwick, 2014).
Current Problem of Airport Infrastructure
When considering continuous increase of the air traffic volume both for passenger and air
cargo and rapidly evolving technologies, it is of great importance that airports are able to
maintain flexible responding systems to the changing air travel demand and dynamic industrial
environment that may affect overall airport operations (Fife & McNerney, 2000). However, in
many metropolitan areas, limited airport and airspace capacity have resulted in delays which are
primarily caused by bottlenecks during final approach, the turnaround process, and take-off
procedures and required capacity expansion of the airfield system (Xue, 2006).
Expanding the capacity of existing airport infrastructure, specifically in the airside area,
is usually constrained by community agreements on environmental issues such as noise and air
pollution and land availability. Developing or relocating major airports on green-field sites
within a reasonable distance from population centers is also a difficult option to undertake
because it will require extensive investments in land preparation and development of access
infrastructure to the population centers. In the end, the capacity development costs are imposed
on related stakeholders such as government, airlines, and passengers (Organisation for Economic
Co-operation and Development [OECD], 2014).
In 2016, Airport Council International (ACI) published an annual traffic report and
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attributed increasing airport congestions primarily to over-capacity of airports by demonstrating
that 45 of the 100 busiest airports in the world by passenger volume exceeded current runway or
terminal facility design capacity. According to delay analysis by the Eurocontrol (2017), 36% of
flights in 2013 were reportedly delayed by more than five minutes in Europe, and the Federal
Aviation Administration (FAA) reported that 31.1% of flights in the United States experienced
delays by more than 15 minutes (Sternberg et al., 2017). In the U.S., despite the expected
benefits from the NextGen system such as throughput increase and more efficient routes
management, the FAA identified that under the steady traffic growth as forecasted, delays will
continue to grow at 12 major airports in the U.S. (FAA, 2015).
Without effective resolutions such as new or reconfigured runways, congestion at major
airports is expected to cause more and more delays in travel time and unnecessary costs for both
airlines and passengers. In this context, in the last decade, technical advancement with the
potential civil VTOL transport has gained significant interest both in research and investment
due to the multiple socio-economic factors, such as massive fuel costs, noise reduction, and user
benefits in the air transportation industry (Kasliwal et al., 2019).
Purpose of the Study and Delimitations
With the nature of non-interference operations (NIO) and runway-independent operations
(RIO) of short-haul traffic (Chung et al., 2011), the civil VTOL transport mode has a potential to
contribute a broad spectrum of the current air transport system. While the purpose of this study
was to add to the knowledge of the VTOL technology as a mass transit system and its potential
benefits to reduce airport congestions, improve operation efficiency, and enhance
competitiveness of the air transport industry, it is also worth including certain consideration for
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autonomous ‘flying cars’ or ‘air taxi’ type of vehicles using the VTOL technology as this will
affect the future airspace system.
Accordingly, it aimed to envision a plausible scenario of an integrative development of a
broad range of civil VTOL aircraft within the existing air transport system for a 20+-year
timeline and propose a strategic development framework.
Literature Review
An extensive review of the literature and industrial reports regarding civil VTOL aircraft
was conducted with three major focuses: technology advancement, infrastructure requirements,
and integrative operation of VTOL into the conventional air transport network. While a large
volume of previous research can be found in the context of VTOL propulsion technology, the
extent of the previous studies in conjunction with a systematic approach concerning VTOL
aircraft and conventional air transport system compatibility is identified to be scarce.
Civil VTOL Technology
It was the 1920s and 1930s when numerous innovative flying concepts and designs were
invented inclusive of vertical take-off and landing vehicles. In the United States, Henry Berliner
introduced a design resembled a fixed-wing biplane in the early 1920s that equips propellers
mounted on a tip of each wing which would be tilted forward for forward flight. Meanwhile,
George Lehberger was issued a patent in 1930 for a design that provides vertical lift and forward
flight taking a basic concept of the tilt rotor aircraft. These schemes can be regarded as primitive
forms of tilting-propulsion VTOL aircraft. Later, the XV-3 had been built in 1953 as an
experimental aircraft to prove the soundness of the tilt-rotor aircraft and gathered necessary data
needed for future tilt-rotor VTOL designs, which resulted in the XV-15 tilt-rotor research aircraft
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in 1972. Using the experience gained from the XV-3 and XV-15, Bell Helicopter Textron and
Boeing Helicopters developed the V-22 Osprey in 1981 (Zhou, Zhao, & Liu, 2020).
Since then, research in speed and payload of civil VTOL aircraft with a hybrid-electric
propulsion system has been initiated and spurred on by NASA. With a focus on the integration
of the VTOL technology into commercial aviation, NASA has studied the technical and
economic viability of VTOL aircraft since the late 1970s (Albers & Zuk, 1987). Through a
series of research projects, NASA has enhanced propulsion power as well as reduced noise levels
of the VTOL aircraft, as described in Table 1. The NASA’s latest Large Civil Tiltrotor (2nd
generation, or LCTR2) vehicle was designed to carry 90 passengers at 300 knots with a 1,000
nautical mile and necessitates only helipads within airport boundaries. Its goal and operational
scheme are to remove short- and medium-range air traffic from runways and free up the runways
for larger and longer-range aircraft. In other studies, NASA has demonstrated the technical
feasibility of increased payload capacity of 90–120 passengers with the tiltrotor type VTOL
aircraft (Wood, 2012). With this achievement, the VTOL flight is likely to explore technical and
commercial viability within current commercial air transport, which will necessitate
compatibility with the national airspace system (Chung et al., 2011).
More interest in hybrid-electric propulsion has recently been spurred by works conducted
by Boeing for NASA. The Subsonic Ultra Green Aircraft Research study, completed in 2010,
anticipated technologies for a B737-class VTOL aircraft to enter services in 2030-35 that could
meet aggressive targets for propulsion, emissions and noise reduction (Warwick, 2014).
In Europe, Airbus Innovations Group and Rolls-Royce are studying distributed electric
propulsion for airliners, focusing initially on a 100-passenger, 2,000-nautical mile range and a
Mach 0.75-cruise concept that could enter service in the mid-2030s. As a next step, Airbus and
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Rolls-Royce are proposing flight tests in 2022 of electrically driven auxiliary fans for drag
reduction on a 100-seater under Europe's Clean Sky 2 research program (Warwick, 2014).
Table 1
Major Studies led by NASA on a Civil VTOL Model
Timeline

Research Topics

VTOL Capacity

Participants

1987 - 1991

Civil Tiltrotor Missions
and Applications

• 8-75 pax
• 270-300 kts

NASA,
Boeing, Bell

1993 - 2001

Short-Haul Civil
Tiltrotor Concepts

• 40 pax
• 315 kts

NASA

2000 - 2005

Runway Independent
Aircraft Studies, Heavy-Lift Rotorcraft
Systems Investigation

• 120 pax
• 350 kts

NASA

2009 - 2013

Modeling High Speed
Civil VTOL Transports in the Next
Generation Airspace, Advanced Vehicle
Concepts and Implications for NextGen

• 30-120 pax
• 250-350 kts

NASA,
SAIC,
Sensis,
Boeing

Note: Data from “NASA Vertical Lift Strategy Direction,” by S. A. Gorton, 2016.
In 2016, the Defense Advanced Research Projects Agency (DARPA), the Pentagon's
research department, contracted the Phase 2 contract for the VTOL X-Plane project with Aurora
Flight Sciences with the goal of enhancement of VTOL technology to reach cruising speeds
between 345 and 460 mph while carrying approximately 12,000 pounds (Goncalves, 2016).
In 2016, Boeing was awarded a patent for a tilt-rotor VTOL aircraft capable of carrying
up to 100 passengers. The patent describes the aircraft configuration for both military and
personal use. If this patent is slated for production, it could be a competitive mode of
transportation as a regional passenger aircraft.
Because VTOL aircraft are an energy-intensive transportation mode for short distances,
higher propulsion, and high-capacity battery technology was identified as two critical enablers to
overcome current challenges with civil VTOL aircraft (German et al., 2013; Sinsay et al., 2012;
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Warwick, 2014). In consideration of current technological trend, the electric powered VTOL
aircraft designs were foreseen to be available by 2030 (Young et al., 2011; Wang, Hou, Guo, &
Gao, 2015).
Infrastructure for Civil VTOL: Vertiport
Given the extensive investment and resources to build new airports or runways, airport
operators have been intrigued to increase the capacity of existing airports by maximizing the
airfield efficiency or optimizing aircraft turn-around process. As a result, several meaningful
studies have been conducted to determine whether and how VTOL aircraft and vertiports at
airports could improve the throughput of national air transportation system (Lindsey et al., 2012;
Patterson et al., 2013).
In the FAA’s Advisory Circular (AC150/5390-3, 1991), the term ‘Vertiport’ is defined as
“an identifiable ground or elevated area, including any buildings or facilities thereon, used for
the takeoff and landing of tiltrotor aircraft and rotorcraft” (p. 1). In the subsequent advisory
circular, the FAA and the U.S. Department of Transportation (DoT) jointly published planning
and design guidelines for vertiports (Peisen & Ferguson, 1996). In this paper, actual designs of
five vertiports at specific sites were proposed and an on-airport vertiport at John F. Kennedy
International Airport (JFK) demonstrated that the experience gained in airport design could make
future vertiport designs possible.
Xue (2006) built the models and methods required to effectively integrate runwayindependent aircraft traffic into terminal-area airspace without impacting existing traffic queues,
which was accomplished through the design of simultaneous non-interfering terminal area
trajectories that minimize ground noise exposure. Young and Rajagopalan (2013) simulated the
impact of tiltrotor wake interactions from civil VTOL aircraft operations near terminal buildings.

Published by Scholarly Commons, 2020

7

Journal of Aviation/Aerospace Education & Research, Vol. 29, No. 1 [2020], Art. 1

In 2015, the Vertiport Chicago, sited in 10-acre layout, commenced its commercial
operations and has represented the viable alternative for helicopters, police and fire department
aircraft, executive charters, and potential VTOL aircraft, which is expected to help relieve OHare and Midway airports’ increasing congestions.
Integration of Civil VTOL into a Metropolitan or Regional Transportation System
While previous studies have shown that VTOL has the potential to improve airspace
performance in capacity and delay based on an integrated fleet concept of operations, integrating
VTOL aircraft into conventional airspace will be a complex issue. The study on VTOL mass
transit feasibility jointly studied by NASA and Stanford (Sinsay et al., 2012) presented a
conceptual design of an electric VTOL public transit system and network models using the
existing railways and bus networks in the San Francisco metropolitan area. The simulations of a
30 seater VTOL operations carrying up to 30,000 passengers a day connecting eight potential
multi-modal vertiports at population centers, with existing infrastructure of three airports, roads
and rail links in the metropolitan area demonstrated the inevitable airspace management issues.
In 2011, Chung et al. verified expected airspace performance benefits gained by NIO and
RIO operations with four possible scenario models of 1) connecting congested hubs, 2)
connecting a feeder and a hub, 3) services to population centers, and 4) services to remote
locations, and identified potential issues for integrating civil VTOL transport into the existing
airspace. As a result, requirements for compatible operations within the national airspace system
and the future NextGen applications were proposed.
Warwick (2014) conducted simulations which indicated that a dynamic flightpath routing
could reduce potential conflicts with the air traffic and limit controller workload by avoiding
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heavily used airspace. Also, the result suggested that enabling a VTOL-style public transport
network would require a high level of automation on the ground and in the air (Warwick, 2014).
Mueller, Kopardekar, and Goodrich (2017) attempted to lay out a vision for a new air
transportation system built on the principles of on-demand air mobility by leveraging the
precedent for VFR operations and employing UAS traffic management system technologies,
concepts, procedures, and capabilities that are or could soon be available.
Methodology
In this study, four major methodologies were adapted to create a strategic scenario plan.
Assess Demand and Driving Forces with a Value Proposition Mapping
The major trends in the aviation industry that will necessitate the civil VTOL flight were
foreseen to determine how the VTOL technology may help relieve current industrial problems
and satisfy the socio-economic demands.
Evaluate Critical Challenges and Uncertainties with a PESTEL Analysis
The critical challenges and uncertainties, which would disturb the driving forces to realize
the VTOL technology into real-world, were identified in terms of politics, economics, sociology,
technology, and legal (PASTEL) perspectives and counter-measures were proposed.
Identify Plausible Scenarios with a Technology Readiness Level (TRL)
The identified driving forces and critical challenges were combined and compared to
current technology readiness level to draw plausible scenarios.
Define the Practical Implementation Plan with a Scenario Assessment Matrix
Lastly, the implications and potential impacts of the selected scenario were assessed using
the Option Matrix Tool (OMT) (Enz & Thompson, 2013) so that high-level goals and
implementation plans were presented.
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As shown in Figure 1, this process began with an extensive review of the literature
focusing on the current VTOL technology, infrastructure, and integration of the technology into
the existing transportation system. Based on the information gathered, strategic needs of a civil
VTOL transport mode and external challenges were reviewed. In consideration of the expected
future state of a civil VTOL system, three distinct scenarios that are likely to happen were
identified and assessed to determine an integration model with the existing air transport system.
After the most feasible scenario was selected through a weighted point evaluation process,
focusing on the selected scenario, a strategic development plan along with key milestones for the
next 20 years was proposed.

Literature Reviews:
Technology, Infrastructure, System
Strategic Needs Analysis:
Value Proposition of Civil VTOL

External Challenges:
PESTEL Analysis

The Future State of VTOL System:
Technology Readiness Level (TRL)
3 Plausible Scenarios:
Status-quo, Moderate, Aggressive
Scenarios Assessment:
Impact on the Air Transport Industry
Strategy Development:
Short / Mid / Long Term Plan
Implication and Recommendations:
Success Factors & Path Forward

Figure 1. The scenario-based strategic planning process to develop a feasible civil VTOL
transport mode.
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Strategic Needs and Challenges
Needs Analysis and Value Proposition of the Civil VTOL Transport Mode
To satisfy today’s evolving complex needs of diversified stakeholders in the aviation
industry, it is essential to have an industry-wide perspective encompassing entire related
segments from regulatory frameworks, aircraft, infrastructure to operating procedures for the
deployment of the new technology in the air transport industry. With the continuous growth of
metropolitan areas and increasing levels of congestion and cost profile of the current airspace,
airport, and ground transportation systems, integration of the future civil VTOL and the
conventional aircraft system would help address these issues. The value proposition and
potential benefits of VTOL technology to society was contemplated as below.
Travel time. The travel and transit time between airports and passengers’ destination can
be reduced with the support of civil VTOL flights by avoiding ground transportation time to
population centers.
Infrastructure efficiency. Congestions and environmental impact such as noise and
pollution both from airport and ground access infrastructure can be reduced by the civil VTOL
system that can be independently operated from the existing airfield and curbside facilities.
Mobility and accessibility. Better mobility and accessibility with point-to-point
connections under an on-demand nature of the civil VTOL transport will enhance passenger
convenience and experience. Access to remote islands, scarcely populated villages, or natural
resource sites might be faster and cheaper than ground transport.
Aircraft utilization. Quick turn-around time of VTOL flights can increase airports’ slot
capacity and passenger throughputs.
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In the meantime, with the recent robust investment pouring into the autonomous aircraft
like Zunum Aero, Volocopter, and Aurora Flight Sciences, there is a higher possibility for civil
VTOL aircraft to deploy single or un-crewed configurations.
External Challenges
A PESTEL analysis is a strategic analysis tool to review on external conditions in
business environments or deployment of new technology. In this study, through the PESTEL
analysis, potential challenges and countermeasures to deploying the civil VTOL mode were
identified and evaluated as shown in Table 2.
The political and regulatory hurdles to overcome are huge, but the venturing of AW609
into real-world scheduled in 2019 to transport passengers by VTOL aircraft is step by step
clearing the confusion with the VTOL aircraft system. The efficient propulsion system and a
low level of engine noise are the two major technical pre-requisites to deploy a civil VTOL
transport into the real world. Both are advancing rapidly, driven by the hybrid-electric
propulsion system and battery capacity enhancement (Wang et al., 2015).
Meanwhile, economic feasibility and social acceptance will be a critical area to be
overcome by high payload capacity and fully integrated services with an existing air transport
system in order to satisfy two most important stakeholders: airlines and passengers. In other
words, better accessibility and lower level of fare structure comparing to the conventional air and
ground transportation modes will be the basic premise for civil VTOL to successfully inaugurate
commercial services to the public.
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Table 2
Challenges and Countermeasures for Civil VTOL Aircraft Operations
Factor

Challenges

Countermeasures

Political

• Lack of global harmonization and
international standard
• First mover’s risks

• ICAO SARPs
• Support for mode of public
transportation

Economical

• Massive R&D costs
• Economy of scale (seat capacity)
Initial acquisition and transition
costs: System and infrastructure
• Safety: debris, collision
• Social acceptance
• Conflict with the existing transport
ecosystem

• Public-Private Partnership
• Payload increase and single or
zero pilot configuration
• Vertiport at existing airports
• Integration with the modernized
CNS/ATM
• Public sector initiative as an
urban mobility solution

Technological

• Battery capacity and charging time
• Low efficiency during vertical,
transition phase
• Airspace integration

• Battery swapping system
• Hybrid-electric propulsion
• Modernized CNS/ATM
(i.e. NextGen, SESAR)

Environmental

• Community noise and emissions
• Wind blaster to ground

• Cruise at mid to high altitude
• Electric propulsion system

Legal

• Aircraft & avionics certification
• Licensing & slot

• FAA regulatory frameworks
• Part 135: Commuter and Ondemand Operations’ transition to
VTOL configuration

Socio-cultural

In conclusion, to respond to growing market needs and overcome external challenges,
balanced development of three key elements for sustainable civil VTOL system were set as a
core of the present scenario-based strategic planning process:
• Enabler: Competitive VTOL technology
• Operation platform: Vertiport infrastructure and procedure
• Differentiator: Enhanced passenger mobility

Published by Scholarly Commons, 2020

13

Journal of Aviation/Aerospace Education & Research, Vol. 29, No. 1 [2020], Art. 1

Scenario Planning
The Future State of VTOL System
Overall gaps were identified through a PESTEL analysis to integrate a civil VTOL
system into existing commercial aviation operations. In this section, focusing on technical
aspects, Technology Readiness Levels (TRL) measurement as shown in Figure 2 was conducted
to quantify the maturity level of each required technology as below. The TRL system helped
evaluate new technologies and rated a TRL system with nine technology readiness levels based
on current progress (Mankins, 2009).
Knowledge Development

TRL 1

Basic
principles
observed and
reported

TRL 2

Technology
concept
and/or
application
formulated

TRL 3

Analytical
and
experimental
critical
function
and/or
characteristic
proof of
concept

Technology Development

TRL 4

Component
and/or
breadboard
validation in
laboratory
environment

TRL 5

TRL 6

Business Development

TRL 7

TRL 8

- Battery
- Safety system - Noise
capacity
- Hybridreduction
- Airspace
electric
integration propulsion
- Vertiport

- Light
airframe
structure

Component
and/or
breadboard
validation in
relevant
environment

Actual system
completed
and qualified
through test
and
demonstration

System/
subsystem
model or
prototype
demonstration
in a relevant
environment

System
prototype
demonstration
in an
operational
environment

TRL 9

Actual system
proven
through
successful
mission
operations

Figure 2. The nine technology readiness levels of the current status of VTOL technology.
Adapted from “Technologies progress from TRL 1 through to TRL 9,” by J. C. Mankins (1995).

Hybrid-Electric Propulsion. Honeywell and Rolls-Royce are developing a new hybrid
propulsion technology and have partnered to develop a 1MW-class hybrid propulsion system for
the Aurora Flight Sciences XV-24A, a demonstrator for the DARPA (Trimble, 2017). Judging
from the current progress, these technologies would qualify for a readiness level of 6.
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Battery Capacity. Fuel cell technology continues to mature and the advanced Lipolymer battery is anticipated to be used for aircraft engine propulsion. But high-temperature
superconducting materials are at high risk at this stage and expected to be overcome by 2030
(Sinsay et al., 2012; Wang et al., 2015). The battery technology qualifies for a TRL of 5.
Noise Reduction. The AW609 business tiltrotor technology introduced actual noise
reduction system and qualified through test and demonstration. From this, we rate the readiness
of the technology in air travel at level 7.
Light Airframe Structure. This technology has been developed by airframe
manufacturers such as Boeing and Airbus and can be immediately utilized for VTOL aircraft.
This corresponds to a technology readiness level of 8.
Safe Component Systems. While the AW609 business tiltrotor has adopted safe
component systems for its commercial flight, scheduled in 2020 for its final certification, the
recent fatal crash in October 2015 identified several areas of improvement in its safety system,
which qualifies for a readiness level of 6.
Infrastructure (Vertiport). FAA already proposed planning and detail design criteria
for vertiport development with five prototype models. So, a prototype is already demonstrated
but not yet fully tested for the actual operating system. From a readiness perspective, they
qualify for a rating of 6.
Airspace Integration. Fully integrated model of conventional aircraft and VTOL
aircraft has been studied by FAA through the NextGen program but has not yet tested in the real
airspace, which qualifies this technology as a rating of 5.
Assumptions from TRL Analysis. The TRL evaluation revealed that energy battery
technology and airspace integration will be acting as two critical milestones to commence the
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civil VTOL services. Based on the recent literature on the VTOL technology reviewed in this
study, major studies led by NASA on a Civil VTOL Model as shown in Table 1, and NASA’s
‘Vertical Strategy 2030’ (Gorton, 2016), key technical features of civil VTOL aircraft for 2030
were envisioned as below. These technical specifications served as key assumptions for
competitiveness analysis and scenario planning:
• Propulsion system: Hybrid-electric propulsion
• Maximum passenger capacity: 120
• Maximum flight range: 500 miles
• Cruise speed: 350 mph
• Cruise altitude: 3,000 - 5,500 ft
• Cockpit system: Single pilot supported by the autopilot system
Scenario Development
The complex interfaces among political, economic, sociological, technological and
environmental forces in the air transport system would make it difficult to project a solid
scenario with the introduction of the VTOL aircraft as well as an impact on the existing systems.
In many cases, due to a strong tendency to maintain the status quo within the existing system, an
opportunity to disruptive innovation with new technologies and operating procedures has often
been restrained to incremental improvements (Riella & Teper, 2014). In this regard, three
plausible scenarios were constructed as per impact levels on the existing civil air transport
system as shown in Table 3.
Under the Moderate scenario, it is anticipated that the higher level of integration of
VTOL into existing air transport system would be required to create synergy in the short-haul
transportation market segment. On the other hand, the Aggressive scenario might cause direct
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competition between the civil VTOL mode and conventional air transport system while the
Status Quo scenario would not actively interfere with current air transport system.
Table 3
Scenario Planning with Three Potential Anticipating Models
Scenario

Description

• Limited interaction with existing air transport system.
• VTOL as an intra-city mode of transportation and supplement to a helicopter
Status Quo
or air taxi system.
• No significant impact on existing air transport system.

Moderate

• Integrated operation of VTOL aircraft with a conventional aircraft system.
• VTOL serving inter-city public transportation systems.
• Airports provide passengers with on-site transfer between long-haul/mass air
transport by conventional aircraft and short-haul traffic by VTOL.

• Disruption of short-haul air network system by advanced VTOL system.
• Maximum utilization of VTOL both for inter- and intra-city transportation and
Aggressive
competition with conventional airline services.
• Development of dedicated vertiports at urban/suburban destinations like bus
terminals.

Scenario Assessment
Because compatibility and synergetic interface with the current air transport system will
play a crucial role in the sustainable development of a civil VTOL system, eight goals for
supporting the sustainable air transport system were chosen and set as assessment criteria divided
into three segments to evaluate the proposed three scenarios.
1) Enabler: Competitive VTOL Technology
•

Goal 1: Enhancing safety performance. Safety issues of VTOL aircraft have continuously
been raised. V-22 and Harrier family have shown higher accident rate among all military
aircraft (Zhou, Zhao, & Liu, 2020). The hybrid propulsion and the transition technology
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between vertical take-off and landing and cruise mode of flight should resolve the flight
safety issues.
•

Goal 2: Affordable research and development (R&D) costs. The R&D cost for VTOL
technology is one of the key points for introducing a new type of aerial vehicles. The
R&D budget for the V-22 had been initially planned for $2.5 billion in 1986, which
increased to approximately $30 billion in 1988 (Zhou, Zhao, & Liu, 2020).

•

Goal 3: Reduction of community noise impact. While conventional airplanes still create a
significant noise footprint over 20 square miles for takeoff and landing, a VTOL flight
procedure is expected to dramatically reduce the noise impact zone to just 3000 feet radius
(Gorton, 2016). Therefore, active deployment of VTOL procedure will vastly reduce
community noise pollution.

•

Goal 4: Competitive operation and maintenance costs. VTOL is efficient when it cruises
but consumes substantial energy for takeoff and climb (Kasliwal et al., 2019). Also,
because lift engines serve as deadweight while cruising, more weight and distance it needs
to transport, which means more fuel needs to be consumed.

2) Operation Platform: Vertiport infrastructure and procedure
•

Goal 5: Increase of airport throughput. The civil VTOL transport mode is expected to
increase traffic throughput at congested airports by expanding capacity of existing
infrastructure with minimum investment.

•

Goal 6: Affordable infrastructure transition costs. Minimize development and transition
cost for developing vertiport infrastructure to deploy the VTOL system, which is a
financial burden to airport operators and airlines.

3) Differentiator: Enhanced passenger mobility
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•

Goal 7: Enhanced urban mobility (time and cost). Reducing time and cost for passengers
by introducing urban air mobility between population centers and serving airports by using
the on-demand mode of air transportation.

•

Goal 8: Enhanced urban mobility (accessibility). Increasing accessibility to remote and
non-airport locations and providing passengers with seamless travel experience.

The impact of each scenario model on the current air transport system, in terms of the
aforementioned nine goals, was assessed and shown in the matrix form in Table 4. Among the
proposed three plausible scenarios, the Moderate scenario is evaluated as the most feasible model
to support the current air transport industry to maintain sustainable growth in the future.
Table 4
Assessment Matrix of Proposed Scenarios
Criteria

Scenario

Goal 3. Reduction of
community noise impact

Goal 4. Competitive
operation/maintenance costs

Goal 5. Increase of airport
traffic throughput

Goal 6. Affordable
Infrastructure Transition cost

Goal 7. Enhanced mobility
(Travel cost and time)

Goal 8. Enhanced mobility
(Accessibility)

(Weight out of 100
pts)

Mobility

Goal 2. Affordable Research
& Development costs

Description

Infrastructure

Goal 1. Enhancing safety
performance

VTOL Technology

Total

16

15

14

13

12

11

10

9

100

1

Status Quo

8

8

4

9

3

9

6

6

67

2

Moderate

6

7

7

7

6

7

9

8

70

3

Aggressive

4

5

8

5

8

6

9

8

64

Note. Assessment of scenario was made based on the Option Matrix Tool (OMT) (Enz &
Thompson, 2013). The score of each criteria item was ranged between 1 (low rated) and 10 (high
rated).
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Strategy Development for Moderate Scenario
Strategic Approach to Civil VTOL Deployment
The success of the Moderate scenario will largely depend on the compatibility and
synergetic development of VTOL technologies with the existing infrastructure. With this
consideration, three key elements for sustainable civil VTOL system as identified through the
PESTEL analysis were revisited to develop a strategic plan for the Moderate scenario.
Competitive VTOL technology. Although it has been more than four decades since the
VTOL aircraft technology was first introduced in the industry, lack of competitiveness
comparing to ground transportation has hindered the benefit of the VTOL technology. The
development of autonomous configurations for civil VTOL will become an avenue towards
meeting the future travel demand for high-mobility and integrative operations with other transit
transport modes. Besides three basic technical requirements—efficient propulsion, quiet
vehicles, and safe operations—competitive advantage will be gained through the convergence of
VTOL and autonomous technologies.
Infrastructure and procedure. The conceptual vertiport layout illustrated in Figure 3
was presented to inspire future planning efforts by airport planners. The proposed concept
includes simultaneous non-interfering operations between conventional aircraft and VTOL
aircraft, co-locating vertiports at the airport for maximum utilization of existing facilities and
passenger convenience while minimizing interface between conventional aircraft by avoiding the
existing runway system. Because of large gross-weight VTOL aircraft, highly induced velocities
and wind blast from the aircraft, the physical operations of VTOL aircraft shall be segregated
from ground infrastructures like terminals and aero-bridges. The VTOL aircraft turn-around
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time and interface with existing airport operations can be significantly reduced by adopting an
approach with an automated VTOL aircraft flowing system proposed by Trimble in 2018.

VTOL Terminal

Parking Garage
Curbside

Passenger
Terminal

Figure 3. Airport – Vertiport configuration conceptual layout. Not to scale.

Enhanced passenger mobility. Due to the technical challenges related to airspace
integration of VTOL with conventional aircraft such as sequencing, spacing, and scheduling,
establishing dedicated airspaces or air corridors with published procedures only to VTOL aircraft
is likely to expedite enabling civil VTOL operations and ensure more controlled operations than
mixing with traditional VFR/IFR aircraft.
However, by maximizing the values and benefits of the VTOL flights, the integrated
operation of VTOL aircraft into the air transportation system will support the industry to
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strengthen its competitiveness and expand its role to integrate intra- and inter-city connectivity.
For instance, metropolitan cities having multiple airports and population centers like Los
Angeles, San Francisco, New York, and Orlando are expected to benefit from the civil VTOL
system by improving the efficiency of the urban transportation network as shown in Figure 4.
Passengers will have multiple choices among different modes of transportation to move between
airports, downtown, major tourist attractions and other adjacent cities. The enhancement of
transfer flow and mobility of passengers and goods at airports will generate spin-off commercial
opportunities, which will expand roles of airports into airport cities.

Figure 4. Civil VTOL point to point integrative network diagram.

Future Roadmap
Due to the integrative nature of the air transport system, many civil VTOL component
systems are mutually dependent on existing systems. For instance, a UAS traffic management
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(UTM) system for UAS operating at low altitudes and integration of UAS into NextGen
automation system can provide services appropriate for the autonomous VTOL flight. In
consideration of the dynamics among related stakeholders and required system elements, the
roadmap for full-fledged VTOL flight operations up to 2040 was projected as shown in Table 5.
In the near-term, VTOL aircraft carrying up to nine passengers is expected to commence
commercial operations for intra-city transport as a part of a public transport system. Under public
sector leadership, regulatory frameworks and operational procedure shall be established.
In the mid-term, along with increased passenger and cruising capacity, economic
feasibility will be enhanced, which can attract the private sector’s interest and investment. In the
long-term, VTOL will be able to accommodate significant short-haul market share and help
improve urban mobility system integrated with the variety of smart-city solutions.
Table 5
Civil VTOL Aircraft Long-term Roadmap to 2040
Near-term (- 2025)

Mid-term (2026-2030) Long-term (2031-2040)

Stage

Launch with smaller
VTOL systems

The advent of civil
VTOL market

The maturity of civil
VTOL industry

Leadership

Public sector

Public-Private
Partnership

Private sector

Payload Capacity

9 seats

30 seats

120 seats

Enabler:
Sustainable VTOL
Technology

Increase capability of
vertical lift
configuration

Hybrid-electric
propulsion / battery
solution

Autonomous system
deployment

Platform:
Vertiport
infrastructure

Pilot vertiport sites
allocation and setting
design standards

Integrated operation of Expanded roles as an
vertiport & airport
urban mobility system

Differentiator:
Integration with
Integration of VTOL VTOL operation
procedures
and
manuals
NextGen System
into the existing
transport system
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Discussion: Implication and Path Forward
Successful deployment of the civil VTOL aircraft will call for a system-wide
transformation of the air transport industry—including communication, physical infrastructure,
related key technology advancement, and procedural changes. As a basis for developing proper
methods and models that encompass the political, economic, social, and technical complexity
and dynamics of the air transport industry, it will be necessary for regulators, manufacturers,
operators, and municipalities to organize a joint workforce or formal steering committee to
endeavor collaborative efforts not only to address outstanding issues with the air transport
industry but also to maximize benefits for expanded areas such as urban planning and tourism
development. Key agenda in the context of civil VTOL deployment were proposed as below.
Government. At the initial stage, government’s role will not be limited as a regulator
but expended to as a program leader, and sponsor, that takes initiative to facilitate the VTOL
transport mode into the real life, which needs to be supported by the national transportation
master plan.
Regulation / ATC. Procedures for vertical take-off and landing procedures of the VTOL
aircraft will be similar to helipad operations at airports and city centers but must also consider
maximum take-off weights and wind blast during vertical take-off and landing.
Airport Infrastructure. Development or alteration of the landside complex into the
multi-modal transportation center integrating passenger processors, vertiport, and ground
transportation will have strategic potentials to enhance passenger throughput and commercial
performance of the airport. Fees and charge schemes need to be restructured.
Airlines. In a long-term, business impact on the airline industry will be vast and
restructuring of a short-haul air transport network system is unavoidable. There will be a
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possibility of new business models and new entities, as the industry experienced with the advent
of LCCs.
Urban / Suburban. Development of vertiports in the urban population centers will
increase the benefits of the VTOL technology. Underdeveloped suburban areas with tourism
potential will also have the opportunity to grow as a tourism destination.
Tourism and Hospitality. While airports will explore the potentials of becoming an
integrative transportation and tourism hub for passengers, its importance to the tourism industry
will be increasing. Joint efforts between the tourism and hospitality industry and airport
operators will find opportunities to expand economic benefit to improve passenger mobility to
existing tourism sites as well as develop new tourism destinations.
Conclusions and Recommendations
This study aimed to envision a feasible scenario for an integrative development of civil
VTOL aircraft within the existing air transport system for a 20+-year timeline and propose a
strategic development framework. Despite growing market needs and potential benefits, many
external challenges and regulatory gaps were identified through PESTEL analysis to integrate
civil VTOL aircraft into the existing commercial aviation system.
Among the three presented plausible scenarios, this study suggests that the deployment of
the future civil VTOL system, under the Moderate scenario, will be the most appropriate way to
relieve current infrastructure and airspace congestion issues as well as provide passengers with
enhanced mobility for the inter- and intra-city transport. The Moderate scenario can also benefit
aviation stakeholders to utilize existing airport infrastructure for accommodating civil VTOL
aircraft with modest alterations, which will leverage to achieve a near-term capability with
minimizing development costs and creating a competitive advantage over other ground transport
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systems such as railway and automobiles. However, upgrading existing air transport
infrastructure and operational procedures with the civil VTOL technology will require complex
reconfiguration processes as well as collaborative efforts among all related stakeholders.
Finally, integrative development of the civil VTOL system within the existing
conventional air transport system would largely impact both on existing air and ground transport
networks. In this regard, to evaluate the impact and benefits of the civil VTOL system on the
existing transport system and develop an optimum solution, regional traffic network model with
actual metropolitan areas needs to be constructed and simulated. For instance, Greater Orlando
Metropolitan is expected to entertain the significant benefits from the civil VTOL system as it
could improve efficiency of the overall transportation network system due to a majority of short
haul air traffic demand, current multi-airport system, and high demand for urban mobility to
connect multiple population centers and major tourist attractions.
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